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ABSTRACT— Tar yield and collection from the pyrolysis of relatively Iargc parliclcs  of biomass arc invcs[igaled  using the

model of Millcrand Bcllan (1996b). Avaricly of fccdstocks  arc considered byvaryingthc ratios ofccllulosc, hcmiccllulosc

and lignin wi{hin  thcbiornass.  FXfccts of secondary tar reactions, quenching, tcrnpcraturc,  particle six and carrier gas arc

assessed. SccoI~daV tarrcactions  occunI~g il]both tl~epalliclc's  intcriorandthc  cxtcrior boundary laycrskongly  rcduccthc

potential amount oftaravailablc  forcollcctio]~  con~parcd totl]cn~axirl~tlll~  gi\'c~]  bykir]ctic  prcdictiol]s.  Thcpnmarycffcct

ofthcscrcactions  isthccxistcncc  ofanoptirnal  rcactortcmpcraturc  rangcfor  maximizing taryiclds.  I’hisrangc is a function

of both the quenching location and the initial particle size, For rapid quenching near the particle surface, tarcollcclion  is

maximimd at high tcmpcralurcsfo rsmallparticlcs,  and at lowtcnlpcratures  forlargcpartic]cs.  Fordclaycd  quenching, low

tcn~lJcraturcs  slo\vthc  scco]~da~rcactior]s  aI~dpro\'idc  largcr@r  yicldsfor  allpalliclc  si~.csil~\'cstigatcd.  Taryiclds arc also

dcpcndcnt  o]~tl~c  choice  oftl]cincfi  carricr gas; prill~arily  ductocl~aI~gcs  inhcatcaMcitjr.  A sensitivity study ispcrformcd

in order to assess the influence of t}~c biomass apparent density, thermal conductivity, heat capacity and primary heats of

reaction,
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NOMENCLATURE

Specific heat.

Characteristic pore length scale.

Molecular species diffusivity.

Specific internal energy.

Reaction rate.

Molccular weight.

qotal nurnbcr  of spccics.

Pressure.

lkadial  coordinate.

Radial position.

Universal gas constant.
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i Reaction source/sink term.

t Time.

r,1 Temperature.

?1 Gas phase velocity.

x Char formation mass ratio for reaction K3.

Y Gas phase mass fraction.

Ah

‘s

lJ

/1

w

}Icat  of reaction.

Porosity.

Divergence of the velocity.

Ihcrmal  conductivity.

Molecular viscosity.

Apparent density.

True density.

Stcfan-Bolt7.n]  aJ3n  constant

Emissivit  y.

o

i

,71

v

I

Initial value.

Conversion.

Effective.

Gas phase.

IIarvcst.

Species i.

Reactor.

Solid phase.

Total (all species and phases).

‘1’hcrmal.

Constant volume.

Excluding char.
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The cfflcicnt  extraction of condensable tar vapors from commercial biomass pyrolysis reactors is relevant to many

technologies. I)icbold and Powers (1 988) discussed the potential commercial applications of biomass tars for usc

in resins and adhesives. More rcccntly, Chornet  et. al. (1992) addressed the feasibility of fast pyrolysis processes

for the large scale harvesting of tar oils from crude biomass for hydrogen fuel production. Chornct  el. al. (1992)

suggested that it may bc possible to obtain up to 75°/0 of weight conversion to liquid yields and dcscribcd  techniques

for conversion to hydrogen. Although the uscflllncss of tar oils is WC1l acccptcd,  optimal reactor designs for oil

extract ion arc not established. Fluidizcd  bcd and entrained flow reactors have rcccivcd major attention (Scott ct.

al., 1988) duc to both their potential for scaling to commercially relevant capac.itics,  and to widespread previous

hydrodynamic studies (c .g. Lim et. al., 1995). Othcr reactor designs under investigation include the rotating

cone (Wagcnaar  ef. al., 1992) and the cylindrical] vortex (Dicbold and Powers, 1988) reactors both of which usc

centrifugal acceleration of biomass particles against a heated wall for rapid heat transfer. Reactors designed for

tar collection generally operate at moderate tcmpcraturcs  (W 800K)  as secondaly  tm decomposition reactions arc

observed to dominate at larger tcmpcraturcs.  It is also recognized that rapid quenching of the pyrolysis vapors

can bc used to minimize the extent of secondary reactions in order to improve the oil yields.

obtained for the cylindrical vortex reactor arc so far limited to bench scale reactors and greater

collection methodology is necessary before a commercially successful scalcup is attempted.

Most of the previous scientific investigations of biomass pyrolysis arc limited to the

as related to charcoal production (SCC e.g. Di 131asi,  ] 993b for a recent review), Liquid

not only been studied much less, but the studies have also been restricted primarily to

study

1 lowcvcr,  results

understanding of

of residual mass

and/or gas yields have

very small, kinetically

controlled particle sizes. Thurncr and M~ann (1981) present cxpcrimcntal  mcmuremcnts from the pyrolysis of oak

particles with mean size < 1 rrwn at relatively mild tcmpcraturcs  < 675K. Reported tar yields at intcrlncdiatc

times show peak values of= 50% by mass \vhcrcas  at later times, the yields arc observed to dccrcasc,  indicating

the prcscncc  of secondary tar decomposition reactions. Scott and Piskorz (1 982) and Scotl el, crl, (1988) studied

maple particles with mean size H 100/1.m  and report maximum tar yields > 80% by mass at moderate reactor

tcmpcraturcs  of = 775K.  These large yields w7crc  the result of the small particle size and rapid quenching of

the pyrolysis vapors. l,idcn et. al (1988) dcvclopcd a kinetics mode] incorporate ing secondary tar reactions to

explain these results. The proposed reaction scheme suggests that primary tar yields incrcasc  monotonically with

increasing reaction tcmpcraturcs, but that competing sccondati  tar decomposition dominates at large tcmpc raturcs,

thcrcforc  resulting in an optimal temperature range for co]lcction,

Unfortunatc]y, the grinding of biomass to kinetically contro]lcd sizes is relatively cxpcnsivc  and commercial

proccsscs necessarily entail relatively large, diffusion limited particle pyrolysis (c.g, Antal, 1882). in contrast to

tar resulting from particles pyrolyzing in the kinetically controlled region, the tar produced from large particles
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may exhibit prolonged tar residcncc  times inside the biomass particle. Thus, secondary tar decomposition in these

regions may significant y rcducc the available tar yields and cannot bc ovcrcomc  by improved quenching methods.

This effect was observed in the numerical simulations of a 2.5cr11 thick wood slab at large reactor tcrnpcraturcs

pcrfonncd by Di Blassi  (1993a) who showed that tar yields collcctcd at the particle surface arc increased by more

than a factor of two by turning off the secondary reactions. Ilcsc sin]ulations which include secondary reactions

indicate tar yields < 20’%0 by mass; much ICSS than observed for kinetically controlled pyrolysis. ‘1’hc III Blasi

model dots not, however, consider the exterior particle boundary layer where further reactions occur and hcncc

cannot account for the associated effects inherent in tar collection in real reactors. l:urthcrmorc,  Miller and Bcllan

(1996a) showed that the kinetics employed inDiBlasi(1993a) arc incapable of predicting cxpcrimcntally  observed

pyrolysis behavior. In contrast, the ncw kinetics of Miller and Bclkm (1996b) combined with the porous particle

model of Miller and Bcllan  (1996a) prcdictcd results which agree favorably with obscrvat  ions from a large variety

of biomass pyrolysis cxpcrimcnts.  Their particle pyrolysis model includc$  full property variations, thcnnal and

mass boundary layer effects, and accounts for fccdstock variations through supcriruposcd ccl IUIOSC, hcm iccllulosc

and lignin  kinetics. An important prediction from the model is the existcncc of an optimal tcmpcraturc  rcgirnc

for tar production.

~l~c objective of this paper is to present results relevant to tar yield optimization from biomass pyrolysis of

relatively large particles. FJ_forts  arc focused on particles sizes w 1 cm in order to illustrate the effects of pyrolysis

on typical waste wood chips potentially used in commercial applications. Although results arc obtained only

for spherically symmetric and isolated particles in initially quicsccnt  environments, implications for large scale

reactor design arc discussed where appropriate. The macro-particle model of Miller and Bcllan (1996b) is used

to sinmlatc  the pyrolysis of a variety of biomass fccdstocks.  Of particular interest arc the effects of sccondaw tar

reactions, quenching, particle size, reactor tcmpcrat  urc and the choice of an inert carrier gas on the tar yield. In

addition, an analysis is performed illustrating the sensitivity of several important biomass properties. The paper

is organized as follows: Section 2 presents a summary of the pyrolysis model. Section 3 addresses the simulation

results for a variety of biomass fccdstocks  and pyrolysis conditions as related to tar yields. Section 4 is devoted

to conclusions and further discussions.

2 PYROLYSIS MOD13.

“I%e macro-particle pyrolysis model has been described in detail in Miller and Bcllan (1996b) and is thcrcforc

only summarized here. The kinetics schcmc  for the model is based on superimposed CCI1U1OSC, hctniccllulose  and

lignin  reactions. In this manner, any biomass fecdstock can bc simulated through the knowledge of its initial mass

composition with respect to these three primary components. Each of the virgin components undergoes an initial
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dcpolymcrization  reaction:

Virgin - K]  --> Activc. (1)

ql~isisfollowcd  bytwoprinlaryc  ompctingdc compositions, totar

Active –K2-~ Tar, (2)

and to a combination of char and gas:

Active –K-) XChar -I (1 - X) Gas. (3)

Secondary tardccomposition  isalsomodclcd  asasinglc  stcpirrcvcrsiblc  reaction:

Tar -- K4- ) Gas, (4)

All reactions arcmodclcd  with first order Arrhcnius kinetics. The frequency factors and activation cncrgics for

reactions K], K2, K3 andthc mass ratio X arc all dcpcndcnt  on the particular biomass component, whereas all

heats of reaction and secondary tar decomposition parameters arc indcpcndcnt  of the source component. Reaction

K] has Ah] = O, reaction K2 is endothermic with Ah2 =- 255 kJ/kg,  and both the char formation and secondary

tar react ions arc cxothcrmic with Ah3 = --20 kJ/k<9  and AlL4 = –42 kJ/kg. All remaining pararnctcr  values

arc provided in Miller and 13cllan  (1996b).

The porous particle model incorporates all property variations, is valid both inside and outside the particle, and

employs a fhlly  transient momentum equation in contrast to the traditional usc of the empirical Darcy ’s Law. The

derivation of the model has been addressed previously in Miller and Bcllan (1 996a) and only the final general

form of the equations (in sphcr-icall  y symrncb-ic coordinates) is prcscntcd here:

where

(lo)

Pg ‘ & f i g , Ps,i = (1 - &) Fs,i, E  “ ]  -  ~Ps,2/?s,27 (11)
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‘g=pg(fcf)h ‘s’ (~psic’(i’)q’ c“-cg-’es

(12)

(13)

(14)

All proper-tics arc provided in Miller and Bcllan (1996b). Previous comparisons with a Iargc variety of cxpcrirnents

for different biomass fccdstocks  were favorable, particularly for small particle sizes (< 1 en?). Deviations from

cxpcrirncntal  observations for large particles were associated with diffcrcnccs  in the patticlc  geometry bctwccn the

cxpcrimcnt  and model, and with the identical set of proper-tics used for all biomass components and types. Thus, the

only diffcrcncc  in the calculations for different fecdstocks  is in the mass compositions of CC1lUIOSC, hcmiccllulosc

and lignin.  The lack of cxpcrimcntal  data characterizing biomass components and types is addressed here th rough

a sensitivity study.

3 RESUI.TS

l’hc configuration considered is that of a single isolated and spherically symmetric

quicsccnt  environment composed of a super-heated and inert carrier gas, ‘l’he outer

domain is chosen to bc at RR = 10l&,O,  the thermal radius is R~/ltfl,,o  = 5

biomass particle in an initially

boundary of the computational

(1?7 is defined such that the

tcmpcraturc  is held constant at 7’ L ?H for all positions r > ~t~) and ~~ nun~cri~al  grid points arc Used for

all simulations. The entire domain T < RI{ is resolved in the simulations in order to account for secondary

tar reactions and their effects on pyrolysis evolution. All simulations arc for constant reactor tcmpcraturcs,

atmospheric pressure, and a uniform initial particle tcmpcraturc  7~,,0 =- 3@Jl~.  I~oundary  conditions> the nu[llcrical

method, and a discussion of effects of the above parameters arc provided in Miller and Bcllan (1 996a). The carrier

gas is chosen to be steam (unless otherwise noted) duc to its ath-activeness for commercial applications (SCC Wible

1 for carrier gas properties used in this work). All simulations arc tcnninatcd when the particle mass aehicvcs

99.9% conversion (denoted as the conversion time, L).

in biomass reactors, the pyrolysis vapors arc typically qucnchcd in order to cool the tar oils and thereby

minimize the extent of secondary tar clccornposition.  }Iowcvcr, it is cxpcctcd that some decomposition will occur

within the boundary Iaycr exterior to the particle. Ilis process was WCII understood by Scott et. d. (1988)

who used rapid quenching to maximize tar yields. in order to add~css  the effects of quenching in the current

sin~ulations,  an cffcctivc  “harvest radius” (RIJ) is cn~ploycd to dcfrnc the maximum normalized “tar collection”

available at location ItII:
J;c 4TR;[  “ pg&.ll ~ (if!

Tar Collect ion z - -=- .- ---- -–
Jo 47r7-2p,(t  = O) ~ dl’ ‘

(15)
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where all variables in the numerator arc evaluated at r- =- l?}l, and the denominator is the initial particle mass.

With this definition, the tar collection corresponds to the normalized mass of tar passing through the radial position

I?lI (I{l,,o  S RII  < RR)  integrated over the entire duration of the simulation. Ilus, the tar collection at small

1{,11 corresponds to rapid quenching with minimal secondary tar reactions in the boundary layer, whereas large

1{11 values indicate minimal quenching conditions. The derived tar collection is not an exact rcprcscntation  of

acbicvablc  yields as tar remaining inside the region r < RII (in particular inside the particle) at the final simulation

time t =: tc is not included. The value of studying the radial dcpcndcncc of the tar collection is to provide insight

into the relative effects of quenching secondary tar reactions in the boundary layer upon attainable tar yields

during pyrolysis.

F’igurc 1 presents the variation in biomass pyrolysis behavior for a variety of fccdstocks.  “1’hc  conversion is

defined as (1 -Yo  char formed) and the tar collection is defined by Eq. (15). ‘ll~c simulated particles have initial

size 1{7,,0 = 0.5cvt, the reactor tcmpcraturc  is 7}{ = 900K and the tar collection is evaluated at the particle surface

(Itl{ =- I{T,,O). All mass compositions of the biomass components arc proviclcd in Tiiblc  2. initial heating of the

particle from room temperature requires = 60s before significant pyrolysis occurs, ‘Ihc plots arc all cxtcndcd to

L = 250s, past the conversion time, in order to clarify the diffcrcnccs  among fccdstocks,  311c conversion variable

is observed to behave similarly to the surface tar collection, }Iigh lignin  content biomass (e.g. olive husk) tends

to produce large char yields and thcrcforc  low relative tar collections. In contrast, the largest tar collections arc

produced by the high cellulose content beech and pine woods. Significant deviations in final  char yields arc

observed for the various fccdstocks  ranging over approximately 10°/0 of the initial particle mass. 1 lowcvcr, the

absolute variation in tar yield is not strongly dcpcndcnt on the particular biomass (approximately 3°/0 range) and

may bc smaller than cxpcrimcntal  uncertainty for tar mcasurcrncnts.  ‘l’his is duc to the large particle size which

allows considerable secondary reactions to occur within the particle. Note that the tar yields arc in all cases

< 20% by mass, much less than the sub-millimeter sized particles used in the experiments of Scott e[. al. (1988).

The remaining discussions arc primarily for maple which rcprcscnts  a typical hardwood, and/or for olive husk

rcprcscnting  a high-lignin  content fccdstock.

3.1 l~fjcis of Secondary Aemtions and Quenching

7%c dramatic limitations imposed on the potential tar collection by finite particle siz.cs  and secondary reactions arc

illustrated in Fig.2 where the kinetic limits of char and tar production for both maple and olive husk (secondary

reactions tumcd  o~ arc plotted. Thcorct  ically,  almost the cnti rc palticlc  mass can bc convcrtcd  into tar at large

tcmpcraturcs.  }Iowcvcr,  several factors present during realistic pyrolysis strongly rcducc these potential yields.

First, the secondary reactions which occur both inside and outside the particle convert tar to gas at rates which

incrcasc  exponentially with tcrnpcraturc.  l.argc particles arc charactcriz,cd  by longer tar residence times in the

7



particle’s interior, hence more time for secondary reactions to occur. Second, endothermic reactions and diffusion

limitations result in “effcctivc  pyrolysis tcmpcraturcs”  significantly below the rcictor  tcmpcraturc  for finite particle

sizes. 31crcforc,  real particles pyrolyze in a relatively low tcrnpcraturc  range in which tar production is rcduccd.

This latter effect is discussed in detail in Miller and Dcllan  (1996a) and Miller and Bcllan (1996b).

An additional constraint on the actual tar collection in a reactor is introduced by the method of pyrolysis vapor

quenching. As pyrolysis procccds, pressure builds within the particle resulting in tars and gases cjcctcd into the

particle’s surroundings which is typically at tcmpcraturcs  large enough to induce further secondary tar reactions.

It is thcrcforc  desirable to quench these reactions as rapidly as possible in order to maximize the actual collcctcd

tar oils. Figure 3 depicts the normalized tar collection evolution for various harvest locations. IIIC results for

maple arc under the same conditions as those of Fig, 1. Ihc maximal tar collection is at the particle surface,

corresponding to a perfectly cfflcicnt  quenching process. As quenching bccomcs  lCSS cfflcicnt,  the tar collection

is strongly rcduccd.  Under the present conditions, only ncg]igiblc  tar yields are observed for R}r 2 5Rl,,0. In

addition, the maximal tar yield is lCSS than 20°/0 of the initial particle mass; this is significantly lCSS than the

kinetic limits  shown in F’ig.2.  Ilcsc results clearly indicate the importance of the quenching process for reactors

which aim at maximizing tar collection.

3.2 l..&cts of the I&actor 7knyx.ra(we and the Initial l’cwticle  Size

Several effects of the reactor tcmpcraturc  arc addressed in Fig. 4 which depicts both the final char yield imd the

final tar collection rna.gnitudcs  for both maple and olive husk  Ilc curves arc produced using results at t = LC

from clcvcn diflcrcnt simulations for each fccdstock, qle initial particle size is l~,,o = 0.5cnz. As discussed

above, the observed variation in char yield among the fccdstocks  is much larger  than for the tar collection; the

rcduccd difference bctwccn tar collection for different fecdstocks  is duc to secondary reactions. Note also that

the final char yield dcpcndcncc on tcmpcraturc  is markedly rcduccd from the kinetic limits observed in IJig.2

duc to cndothcrmicity  and associated cflcctivc  pyrolysis temperature effects. in fact, a comparison with the char

yield limits in Fig.2 suggests that the effcctivc  pyrolysis temperature is < 6501{ for all reactor tcmpcraturcs

considered for this particle size. This behavior is in agrccmcnt  with previous observations of Narayan and Antal

(1996); Miller and Bcllan  (1996a); Miller and Bcllan (1996b) and helps to explain the markedly rcduccd tar yields

obtained for latgc particle sizes (as discussed above).

‘Ilc  most striking feature of Fig,4 is the prcscncc  of maximum tar collection ma~nitudcs  for moderate reactor

tcmpcraturcs  when the quenching is relatively rapid (ltlI  < 1.51~,,o).  As was dcscribcd above, although larger

prima~  tar production occurs for increasing tcmpcraturcs  (SCC F’ig.2),  corresponding increases in the secondary

reaction rates arc in competition with this process. ~’hcrcforc, an optimal pyrolysis tcmpcraturc for tar collection

may exist, depending on the cfflcicncy  ofthc quenching process. As quenching bcconlcs  Icss cftlcicnt,  the optimal
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pyrolysis tcmpcmture dccrcascs and tar collection becomes a decreasing function of 1 ;i. qlc existcncc  of optimal

tcmpcraturcs  for tar collection is confinnccl  by past maple wood pyrolysis observations of Scott and Piskorz

(1 982) and Scott et. aL (1 988). Although in these cxpcrimcnts,  only very small particle sizes (N 100~/rn)  were

investigated, the optimal reactor tcmpcraturc  was observed to be = 775K which is in good agrccmcnt with the

current results.

The initial particle size is also cxpcctcd to influcncc tar collection from biomass pyrolysis by altering the tar

residence time inside the particle. This effect is highlighted in Fig.5 for three different reactor tcmpcraturcs  and

three different harvest radii. In all cases, tar collection is observed to dccrcasc  with increasing particle size at

constant tcmpcraturc. This result is indcpcndcnt of the harvest radius and is duc to an incrcasc  in the tar rcsidcncc

time inside of the particle. For collection locations relatively far from the particle surface (Ii?lf  2 1.51+,,.), the

tar collection dccrcascs  with increasing reactor tcmpcraturc  within the range considered. This is again duc to the

corresponding incrcascd  secondary tar decomposition for large tcmpcraturcs.

qlc most interesting feature of Fig.5 is the observed crossing points for the tar collection for small harvest

radii, corresponding to rapid quenching. In these cases (l;ig.5a and Fig,5b), the optimal reactor tcmpcraturc  for

tar production is a function of the particle size. For small parliclcs N lrnm, tar rcsidcncc  times arc dccrcascd  and

the tar collection is govcmcd predominantly by the primary production reaction; thcrcforc, maximal collections

arc observed at large reactor tcmpcraturcs.  }Iowcvcr,  as the particle size incrcascs,  along with tar residcncc  times,

secondary tar decomposition dominates at high temperatures. ‘1 his results in desirable lower reactor temperatures

for tar collection.

3.3 I@ccts of the Carrier (%s

All of the above results were obtained using steam as an inert gas; however, in many cxpcrimcnts nitrogen is used

to purge tar from the particles and make it available for collection (e.g. Scott et cil., 1988). Figure 6 illustrates

the effect of the carrier gas by comparing the pyrolysis of maple wood using both steam and nitrogen as inert

gases, under otherwise identical conditions. The initial particle size is 1/7,,0 =: 0.5cn1 and the reactor tcmpcraturc

is 7){ =- 9t10K. Figure 6a depicts the mass averaged particle temperature:

(16)

as a function of normalized time. 31c mass averaging is with respect to the solid phase spccics,  neglecting

the char contribution, and this pammctcr  has been discussed previously in Miller and Bellan (1 996a) and Miller

and Bcllan (1996b). qlc primary diffcrcncc  bctwccn the t~vo carrier gases affecting the present results is in the

magnitude of the specific heat capacity (see “Iablc 1) which is more than 2.5 times larger for steam. Ilc associated

larger specific intcmal  energy of the steam results in an incrcascd “thcnnal mass” for heat cxchangc  with the
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particle. lhcrcfore,  the maple sample in the steam cnvironrncnt  is heated to, and reacts at, higher tcmpcraturcs

than the same sample in a nitrogen environment (Fig.6a). As discussed above, the Iargcr reaction tcmpcraturc

causes an associated dccrcasc in the tar collection when rapid quenching is performed. qhc small reversal in

trends observed at l?}[ =: 21~,0 is related tothc  far field temperature cxtcriorto  thcparticlc.  q-bus, carcrnustbc

taken in extrapolating any results to different reactor conditions. Ncvcrthclcss,  the primary influcncc  by the inert

gas on pyrolysis is through its heat capacity and corresponding changes in the cffectivc  reaction tempera.turc.

3.4 Sensitivity Amlysis

The above particle pyrolysis calculations were performed by using the same set of properties for all biomass

spccics.  ~hc only diffcrcncc bctwccn fccdstocks is their composition in terms of mass pcrccntagcs  of CCIIUIOSC,

hcmiccllulosc  and lignin. In their current form, the calculations arc made for identical properties and heats of

reaction for all three of the primary biomass components (CCIIUIOSC,  hcmiccllulosc  and lignin). In addition, these

properties and heats of reaction arc assurncd to be indcpcndcnt of the source fccdslock.  This is the result of very

limited data available regarding these properties, making it impossible to tailor their values for each component

and/or fccdstock.  Miller and Bc]lan  (1996b) suggested that observed deviations between the model predictions

and cxpcrimcntal  results for large (> lcrn)  particles may bc attributed to the lack of specificity in property values;

particularly to the assurncd fccdstock  indcpcndcnce.  In order to dctcrminc the importance of these effects on tar

collection, a scmsitivity  study of several of the assumed biomass thermal properties is made. in particular, the

biomass apparent density, thermal conductivity y, heat capacity and primary heats of reaction arc investigated.

Figure 7 compares the effects of the initial apparent density of the biomass on the temporal evolution of the

tar collection at several harvest radii. All simulations arc for pine wood with l~,,o =. 0.5crn and g;{ =: !3001<

and the tar collection values arc for various harvest radii, R}I/l+,,o.  “1’hc base value for the calculations is

pU, = 650kg/n~3  which was taken from cxpcrimcntal  hardwood mcasurcrncnts  made by Koufopanos et. al.

(1 991). 1 Iowcvcr, this value may bc too large  for softwoods and other biomass fccdstock.  For cxarnplc, Pyle and

Zaror (1984) prcscntcd experimental rncasurcmcnts  in the range [4 50kg/rn 3 , 550kg/rr~3]  for pine wood. in fact,

the deviations found in Miller and Dc]lan (1996b) for large particles were for pine wood pyrolysis comparisons.

These deviations were attributed primarily to the prcdictcd  pyrolysis initialization being longer than observation.

Figure 7 shows that these deviations may bc attributed to the apparent density. Lower values of the density

result in earlier pyrolysis initialization; however, the final tar yields arc not altered significantly. ‘1’hcrcforc, care

should bc taken in prescribing the apparent density for softwoods and other fccdstocks, particularly when temporal

evolutions arc of interest.

Figure 8 presents the temporal evolution of the tar col]cction from maple \vood as a function of both the biomass

thcnnal  conductivity and heat capacity. in all cases, the initial particle size is 1$,,0 = 0.5cr7t, ~)t =. 9001{, and the
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tar collection is at the particle surface (RII =-- &,o).  Three values for each parameter arc chosen, including the

base value. Figure 8a shows that neither a 25’XO incrcasc or dccrcasc  in the thermal conductivity significantly alters

the tar collection. Incrcascs in the conductivity allow larger particle/reaction temperatures and result in larger tar

yields at the particle surface (WC Fig.5a). On the other hand, tar collection is particularly sensitive to changes in

the heat capacity by as little as +1 O’ZO (Fig .8 b). Large heat capacities initially cause delayed heating of the particle

duc to increased thermal inertia. However, at later times during the reaction, the larger heat capacities result in

an incrcascd resistance to endothermic cooling and thcrcforc  arc chamctcrizcd  by a larger reaction tctnpcraturc.

These competing effects cause the curve crossing at intcnncdiatc  times in Fig.8b and result in the increasing final

tar collections with heat capacity.

21c final parameters for sensitivity investigation arc the heats of reaction for the primary pathways K2 and K3.

IHTccts of these parameters on the tar collection evolution arc depicted in Fig,9 for the same particle conditions as in

Fig.8. In both cases, the heat of reaction is altered by 4 20’ZO,  ‘1’hc sensitivity of the cndothcnnic heat of reaction

is not subskmtial  as observed in Fig.9a. increasing the rnagnitudc of A}L2 dccrcascs  the particle and reaction

tcmpcrat  urc; this correspondingly dccrcases the tar collection at the surface of the particle as discussed above.

The three curves for various values of Ah3 (char production reaction) almost completely overlap (}ig.9b).  This

is bccausc at high temperatures the primary tar reaction dominates over the char production reaction; particularly

when weighted by the heat of reaction. At lower reactor tcmpcraturcs,  such as those employed for charcoal

production, it is cxpcctcd  that changes in A?13 will have a greater impact than changes in A}L2,

4 CONC1LJS1ONS

Tar yields and collection from relatively large particles have been predicted using the detailed biomass pyrolysis

model of Miller and 13cllan  (1996b). The numerical results were obtained for spherically symmetric particles

in initially quiescent environments. Results for a variety of biomass fccdstocks,  including several hardlvoods,

softwoods, olive husk and wheat straw indicated that the absolute deviation among fecdstocks  is more significant

for char yields than for the mass of tar oils available for col]cction,  This was attributed to prolonged residence

times and sccondaty  tar reactions occurring inside of the particles.

‘Jlc results also show that the competing processes of primary tar production and secondary tar decomposition

interact in different ways depending on the particular set of pyrolysis conditions, In particular, secondary tar

reactions can occur both in the particle’s interior and in the exterior boundary layer. Interior reactions bccomc

important when the tar rcsidcncc  time is Iargc, whereas outer reactions arc primarily important when the pyrolysis

vapors arc not rapidly qucnchcd  near to the particle surface. In either case, the potential tar collection is greatly

rcduccd relative to the kinetic limits for realistic finite particle sizes. in adclition,  as the quenching process

11



bccomcs  lCSS efficient  due to the secondary reactions, tar co]lcction  is substantially rcduccd from that exiting the

particle surface.

An important result which isconccptually  applicab]c torcactordcsign  isthc existence of an optimal reactor

tcmpcraturc  formaximizingthc  tarcollcction;  this optimal tcmpcraturc  isthc direct result ofthc  competing tar

reactions discussed above. For particle sizes w lent, the optimal tcmpcraturc  was observed to bc x 8751{ for

cfflcicnt  quenching near the particle surface. l“his result is in good agrccmcnt  with Scott et. al. 3 (1988) past

cxpcrimcnts  in a bench scale fluidizcd  bcd reactor. Tar collection is a strong f~mction  of the initial particle

size; predominantly duc to alterations in tar rcsidcncc  times. The optimal reactor conditions for tar production

arc highly dcpcndcnt  on the particle size: The simulations showt.hat when quenching is cff~cicnt,  tar collection

increases for small particles (N ]rnm) with increasing reactor tcmpcraturc;  however, Iargcr particles (~~ ]crn)

show the opposite behavior with tcmpcraturc.  For poor quenching (far from the particle surface) decreasing tar

yields arc obtained with increasing tcmpcraturc for all particle sizes considcrcct.

In addition to reactor tcmpcraturc, initial particle size and quenching, the choice of an inert carricr gas can

also affect the pyrolysis evolution. “1’hc results shott that for cfflcicnt  quenching proccsscs,  the usc of nitro~cn  as

a carrier gas can lead to significantly improved tar yields over those obtained with inert steam, Ilis diffcrcncc

in behavior was attributed primarily to diffcrcnccs  in the heat capacities of the two gases.

Finally, results from a sensitivity analysis ofscvcral  thcnno-chemical properties ofthc biomass were prcscntcd.

Simulations illustrated the sensitivity of tar yields to the apparent density, thcnnal conductivity, heat capacity and

primary heats of reaction, Conversion times were significantly dccrcascd  by altering the apparent density from

hardwood to softwood measured values duc to earlier pyrolysis initialization; however, final  tar yields were

relatively unchanged in magnitude. Ilc results also suggested that the pyrolysis yields arc relatively insensitive

to the thcnnal  conductivity and prima~ heats of reaction. }Iowcvcr,  a relatively strong sensitivity to the biomass

heat capacity was found.
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TABLES

>—.= .—. —.-.
Spccics--””-ti  [ ~~~, ] -  i:. [I#;] IL_ ~:si. .—— —1120

A [ ;,~:;-]- “]j “[E;?]
18.-016 “-” 2.20 2 . 9  X  1 0- 5  ~jj~ 10- ~- 1.1 X10”4

N2 28.013 0.8246 3 . 5 8  X 1 0-5 5.63  X 1 0-5 8 . 5 2 x  10-d— ..-—. . —. . ..—.———. — —

Table 1: Property values for steam and nitrogen. Values arc for 1’ =. 800K  and p . 100k}’a

‘‘ “Bi&;laii  - Cell~losc  IIcmiccllulosc  Lignin Sou’rcc
Beech 0.4{””” 0;28 ‘-” “0;24 Maschio  e; ‘il. (1992)
Maple 0,40 0.38 0.22 Mok el. al. (1992)

Oak 0.35 0.40 0.25 SHU (1 979)
Olive husk 0.22 0,33 0,45 Maschio  et. cii. (1 992)

Pine 0.50 0.27 0.23 Ward & 13rasla\v  (1 985)
Wheat straw 0.42 0,42 0.16 Chum cl. cd. (1 992). = . . . —
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Ihblc  2: Biomass compositions by mass used in this study. All cxtractivc  and ash content arc
included with the hcmiccllulosc,



FIGURE CAPTIONS

Pigurc 1: ‘Iemporal  evolutions of the (a) conversion, and (b) tar collection at the surface (l?l[/l+,,O =- 1), for

various biomass fccdstocks.  qhc particle conditions arc; )~,,o =- 0.5c?n and ?jt =- 900K.

F’igurc  2: Kinetic yield limits as a function of tcmpcraturc  for both char and tar collection with secondary reactions

turned off . ‘II)c solid line is for maple and the dotted is for olive husk.

J:igurc 3: ‘lernporal  evolution of the tar

particle conditions arc; l~,o  = 0.5crrz  and

collection obtained from map]c at various values of R]l /l~,,o.  llc

7~ = 900K.
.

IJigurc  4: Tcmpcraturc  dcpcndcncc  of the (a) char yield, and (b) tar collection at various values of l?ll /l~,,o,  for

both maple and olive husk. llrc initial particle size is 1$,,0 = 0.5c]n.

Iiigurc  S: Tar collection for maple as a function of the initial particle siz,c for various values of I)t; (a) l?l[/l~,,O =-

] , (b) ~~Jj/}~,,o = ) .25, and (C) }?~[/&,,@ = ] .5.

Figure 6: Effects of altering the carrier gas on the pyrolysis of a maple patliclc  with II$,o = 0.5crrL  and 7 it = 900}{.

(a) ~%c mass averaged particle tcmpcraturc  as a function of normalized time. (b) Tmporal evolution of the tar

collection at various values of ltJf/1+,,0.

Figure 7: ‘lkn~poral  evolution of the tar collection at various values of ItIf /1$,)0 for pine. I’hc initial apparent

densities of the biomass arc PO = 650kg/7n3  (solid line) and p. =. 450kg/rn3  (dotted line). “1’hc  particle conditions

Figure 8: Temporal evolution of the tar collection at R}] /1+,,0 = -1 for maple; (a)

conductivity + 25V0, and (b) varying the biomass heat capacity 4 10%. ‘lhc particle

and 7)1 =-

Figure 9:

varying the biomass thermal

conditions arc l~,,o = O. 5crn

~emporal  evolution of the tar collection at l?,l /1~),0 = 1 for maple; (a) varying t}~c heat of rcxction

16



Ah2 by 420’Yo,  and (b) varying the heat of reaction Ah3 +20%. llc particle conditions arc 1+,,0 = 0.5cnz  and

7~ =-- 9001{,  and the base values for the heats of reaction arc Ahz . + 255kJ/k9  and Ah3 = --20kJ/kg.
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